Interdiffusion between the yttria stabilized zirconia (YSZ) electrolyte and the gadolinia doped ceria (CGO) barrier layer is one of the major causes to the increment of ohmic resistance of solid oxide fuel cells (SOFCs). We present in this work experimental investigations on CGO-YSZ bi-layer electrolyte sintered at 1250 ˚C or 1315 ˚C and element transport as a function of sintering temperature and dwelling time. In order to quantitatively simulate the experimental observations, the CALPHAD-type thermodynamic assessment of the CGO-YSZ system is performed by simplifying the system to a CeO2-ZrO2 quasi-binary system, and the kinetic descriptions (atomic mobilities) are constructed based on critical review of literature data. The CGO-YSZ interdiffusion is then modeled with the DICTRA software and the simulation results are compared with the experimental data under different sintering or long-term operating conditions. The corresponding ohmic resistance of the bi-layer electrolyte is predicted based 2 on the simulated concentration profile. The results implies that the interdiffusion across the CGO-YSZ interface happens mainly during sintering at high temperature, while during longterm operation at relatively lower temperature the impact of interdiffusion on cell degradation is negligible.
Introduction
Solid oxide fuel cells (SOFCs) are electrochemical energy converters, which can convert chemical energy of fuels into electrical energy directly [1] [2] [3] [4] . Owing to high efficiency and environmental friendliness, this type of fuel cell has been investigated all over the world over the past decades. Recently, the research efforts devoted to the SOFC technology focus on cost reduction and improvement on performance, durability and reliability [5] . Several strategies have been proposed, among which reducing the operating temperature of SOFCs to the intermediate temperature range of 600 ˚C~800 ˚C attracts most of the research efforts.
Under such circumstance, suitable materials for the so-called intermediate temperature SOFCs (IT-SOFC) have been investigated elaborately. Owing to its high performance and good stability, strontium and cobalt co-doped lanthanum ferrite (LSCF) is recommended as the promising candidate material for the cathode [5] [6] [7] . Unfortunately, the LSCF cathode reacts with the yttria stabilized zirconia (YSZ) electrolyte, forming insulating zirconate phases (La2Zr2O7 or SrZrO3) at the cathode-electrolyte interface [8] . To prevent undesired reactions between the LSCF cathode and the YSZ electrolyte, a reaction barrier layer made of gadolinia doped ceria (CGO) is often employed in-between to form a bi-layer electrolyte [9, 10] . Several phase transformation phenomena have been identified on the cathode side of such IT-SOFCs causing lost in cell performance [11] [12] [13] [14] : (i) Interdiffusion between CGO and YSZ during cell fabrication and long-term operation, resulting in a solid solution phase at the CGO-YSZ interface with increased resistivity as compared to that of CGO or YSZ; (ii) Sr diffusion from the LSCF cathode to the CGO-YSZ interface; and (iii) A secondary SrZrO3 phase forms at the CGO-YSZ interface. The current work addresses only the phenomenon of the formation of CGO-YSZ solid solution by interdiffusion, whereas the others will be addressed in our future work.
The CGO-YSZ interdiffusion process results in elemental redistribution and increased 4 resistivity. Several studies have presented the formation of solid solution phase between YSZ and CGO and the ohmic resistant depending on the mixing composition after high temperature sintering [14] [15] [16] [17] [18] [19] [20] [21] . Tsoga et al. [16] reported that the interdiffusion phenomenon at the CGO-YSZ interface occurs already at 1200 ºC. As the temperature increases from 1300 ºC to 1550 ºC [14] [15] [16] [17] [18] [19] , the observed solid state reaction and interdiffusion occurring at the CGO-YSZ interface become more serious. Conductivity measurements on the mixed solid solution have been performed at various temperatures [20] [21] [22] . It was found that the ionic conductivity of the mixed solution phase decreases due to partial substitution of YSZ with CGO, reaching a minimum at the composition of CGO0.5YSZ0.5 and then increasing again to reach that of CGO for complete substitution of CGO for YSZ. The decreased conductivity of the solution phase as compared to that of pure YSZ or CGO can be explained by a decrease in the free radius through which an oxygen anion can move [23] . Due to the dramatic decrement of ionic conductivity by forming intermixed YSZ-CGO phase, even a small interdiffusion layer can significantly increase the electrolyte resistance [20] . Hence, the mixed solid solution generated by the CGO-YSZ interdiffusion is an important contributor to the increment of ohmic resistance during either cell fabrication or long-term operation.
Despite the fact that the CGO-YSZ interdiffusion is unavoidable during cell sintering, it would still be very advantageous if the interdiffusion process and its influence on the cell performance can be quantitatively modelled. Such a modelling tool will provide guidelines for optimizing cell production parameters and for cell performance prediction. Unfortunately this is not available in the literature according to the authors' knowledge. In this work, we developed a model to simulate the CGO-YSZ interdiffusion and validated the model with experimental data obtained on real SOFC cells sintered under different conditions. The CGO-YSZ interdiffusion was characterized using scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). Based on the DICTRA (Diffusion-Controlled 5 TRAnsformation) software developed in the framework of the CALPHAD (CALculation of PHAse Diagram) approach [24] , the interdiffusion process between CGO and YSZ was quantitatively modeled and validated against experimental data from literature and from the current work. The electrolyte resistance was then predicted from the simulated compositional profile. The current work provides a valid tool to predict the bi-layer electrolyte resistance as a function of sintering and long-term operation conditions.
Experimental

Sample preparation
This work focuses on the interdiffusion between the CGO barrier layer and the YSZ electrolyte. Standard halfcells produced at the Technical University of Denmark were adopted in the study directly. The halfcell consists of a ~300 μm thick NiO/YSZ support layer, a 12-16 μm thick NiO/YSZ active electrode, an 8-10 μm thick YSZ electrolyte and a 6-7 μm thick CGO (Ce0.9Gd0.1O2-δ) barrier layer. For the production of halfcells, the support layer, active fuel electrode, electrolyte and CGO barrier layer successive tape casting i.e. a multilayer tape casting (MTC) process and lamination process was applied [25] . These four MTC layers of the tapes were cut into 16 × 16 cm 2 pieces and co-sintered together. To explore the kinetics of the CGO-YSZ interdiffusion, two sintering temperatures (1250 ˚C and 1315 ˚C) and different sintering periods up to 200 h were employed in the current study. Five different halfcells were produced and their sintering conditions are listed in Table 1 .
Post-mortem characterization
Cross sections of the halfcells were characterized by SEM for visualizing the microstructure and by EDS for elemental distribution and composition analysis. The samples were fractured into small pieces and were vacuum embedded in epoxy, ground, polished, and then carbon coated to eliminate surface charging during microscopy observation. The samples were characterized using a Zeiss Supra-35 SEM equipped with a field-emission gun and an 6 energy-dispersive X-ray spectrometer (Thermo Electron Corporation). The EDS analysis was performed using the aforementioned SEM in conjunction with Noran System Six software. For backscattered electron (BSE) imaging, an accelerating voltage of 15 kV was used. For EDS analysis, an accelerating voltage of 10-15 kV was used. The NiO/YSZ support and the active electrode were excluded in the characterization, as the current work focuses the CGO-YSZ bilayer.
Kinetic modeling
The modeling part was carried out within the CALPHAD framework and was realized by using the Thermo-Calc and DICTRA software [24] . The spirit of the CALPHAD method is to describe the thermodynamic and kinetic properties of existing phases in materials system as functions of temperature, concentration and pressure et al., and to construct self-consistent database of functional parameters. Thermo-Calc is a powerful tool for phase equilibrium, phase diagram and phase transformation calculations, whereas DICTRA is for simulation of diffusion-controlled phase transformations in multicomponent systems. In this work, the thermodynamics and phase relations of the relevant systems were established using Thermo-Calc together with the thermodynamic descriptions developed by Du et al. [26] . For kinetic modeling, a 1-D diffusion couple model was set up for simulation (shown in Fig. 1 ), where the YSZ electrolyte is in contact with the CGO barrier layer. The interdiffusion behavior under various conditions across the CGO-YSZ interface was then simulated using DICTRA in conjunction with both thermodynamic and atomic mobility descriptions. In the present work, the mobility functions were developed by critical assessment of the experimental diffusivity data reported in literature using the DICTRA software. The interrelations between atomic mobility and diffusivity implemented in the DICTRA software can be described as follows:
According to the absolute-reaction rate theory, the atomic mobility of element k, Mk, may be described by a frequency factor 0 k M and an activation enthalpy Qk as [27] ,
where R is the gas constant and T is the absolute temperature. mg Ω is a factor taking into account a ferromagnetic contribution to the diffusion coefficient. In the spirit of CALPHAD approach, the composition dependency of item
represented with the Redlich-Kister polynomial [28] : 
where xi, xj, xk and xs are mole fractions of elements i, j, k and s, respectively.
The interdiffusion coefficients with n as the dependent species are correlated to the atomic mobilities by [27] ( ) ( )
) and i µ is the chemical potential of element i. Assuming the monovacancy atomic exchange mechanism, the tracer diffusivity * i D relates to the atomic mobility via the Einstein relation:
The above deals with bulk diffusion, whereas in polycrystalline materials the grain boundary diffusion plays also an important role. Nowadays, the contribution of grain boundary diffusion has been considered in DICTRA [29] [30] [31] . There, the grain boundary diffusion is correlated to the bulk diffusion by using the same frequency factor, but a modified bulk activation energy, as specified by the equation below [32] :
where gb M is the mobility in the grain boundary, 0 bulk M and bulk Q are the frequency factor and activation energy in the bulk, respectively, and redGB F is the bulk diffusion activation energy multiplier.
The total mobility including both bulk and grain boundary diffusion is then formulated as:
where δ, d, and bulk M are the grain boundary thickness, the grain size as a function of time and temperature, and the mobility in the bulk, respectively. redGB F , δ, and d are the input parameters for the grain boundary model in DICTRA. increasing temperature to 1315 ˚C and prolonging the dwelling period, as reflected by the number and diameter of the pores in the CGO layer. During sintering, these pores experience a coarsening process and also tend to move towards the surface of the CGO layer. These pores provide a fast diffusion path promoting the CGO-YSZ interdiffusion as reported previously [14] .
Results and discussion
SEM-EDS results
To quantify the composition profiles across the CGO-YSZ interface, EDS elemental mapping was conducted on the cross-sections of the five halfcells sintered at different conditions, focusing the CGO and YSZ layers only. Fig. 3a 
Thermodynamics of the CGO-YSZ system
DICTRA modeling of the CGO-YSZ interdiffusion requires input information both on the thermodynamics and on the kinetic mobility for the here-studied Ce-Gd-Y-Zr-O system.
Some information exists for the sub-systems, but not for the complete Ce-Gd-Y-Zr-O system.
A simplification has therefore to be made in order to conduct the planned DICTRA simulation.
Gd and Y are the minor components in CGO and YSZ, respectively. As shown in Figure 3a , their composition profiles follow those of Ce or Zr reasonably well. In the current work, we simplified the Ce-Gd-Y-Zr-O system to the Ce-Zr-O system and the influence of Gd and Y was neglected. Another simplification is to neglect the influence of oxygen partial pressure (PO2). Under the typical SOFC fabrication and operation conditions (air, 600 -1400 o C), PO2
across the CGO-YSZ interface is rather close to that of air. The Ce-Zr-O system can be treated as the CeO2-ZrO2 pseudo-binary system.
The thermodynamic description of the CeO2-ZrO2 system used in this work was adopted from Du et al. [26] . Fig. 4a presents a calculated phase diagram of CeO2-ZrO2. Pure
ZrO2 has three polymorphs, from low to high temperature, monoclinic, tetragonal, and cubic, while CeO2 has one solid phase, having the same crystal structure (fluorite) as cubic ZrO2. Both Table 2 .
Modeling of interdiffusion across the CGO-YSZ interface
As shown in Fig. 1 , a CGO-YSZ diffusion couple was set up in the current work to mimic the experiments. Due to lack of experimental data, the CGO-YSZ system is further simplified to the CeO2-ZrO2 system in DICTRA modeling. According to the actual cell fabrication parameters [25] , the thickness of the CeO2 and ZrO2 layers was set as 6 and 8 μm,
respectively. The interdiffusion profile is determined by both thermodynamics of the CeO2-ZrO2 system and atomic mobilities of Ce and Zr. In this work, a constant PO2 along the entire CeO2-ZrO2 diffusion couple is assumed. Oxygen diffusion is therefore neglected. This shall represent reasonably well the conditions in the CGO-YSZ bi-layer electrolyte during cell fabrication and long-term testing.
Atomic mobility
The atomic mobility functions of Ce and Zr in the cubic phase of the CeO2-ZrO2 pseudo-binary system were developed via evaluating experimental data using DICTRA. Kilo et al. [33, 34] mol.% yttria stabilized zirconia. These mobility functions were then adopted for the c-CeO2 phase as well. Fig. 5 presents the calculated tracer diffusion coefficients (bulk) of Zr and Ce in c-ZrO2 (YSZ) as a function of inversed temperature, compared with the experimental data from literature [33] [34] [35] [36] [37] [38] . Our calculated bulk diffusion coefficients reproduce the experimental results reasonably well. The mobility functions of Ce and Zr in the cubic phase obtained from the current work are listed in Table 2 . For the terminology of these functions, the readers are referred to the paper by Andersson and Ågren [27] .
Interdiffusion simulation
The grain boundary diffusion is a non-negligible contributor to the overall interdiffusion of the CGO-YSZ system, and shall be taken into account after the bulk diffusivity has been evaluated. Currently, it is not possible to introduce another mobility function to account for the grain boundary diffusion separately. As introduced before, DICTRA includes a grain boundary diffusion model which reproduces experimentally measured diffusion in polycrystalline materials well [39] . An example can be found in our previous work on modeling of Ni diffusion in ferritic stainless steels [29] . In this work, for simplicity and due to lack of experimental data, we assume a constant grain size of 1 μm, both for c-CeO2 (Cubic 2) and c-ZrO2 (Cubic 1). We further consider no grain growth along with the CGO-YSZ interdiffusion, and the remaining parameters in Eqs. 6 and 7 are adjusted when a good fit is obtained between our simulation and the experimental data from the current work and from literature [14, 17] .
The grain boundary thickness and the bulk diffusion activation multiplier are set as constant of 5×10 -10 m and 0.64, respectively. 6f and 6g ) [14, 17] . For the EDS results, two atomic ratios are calculated, Ce/(Ce+Zr) and (Ce+Gd)/(Ce+Gd+Zr+Y). The two profiles overlap with each other, supporting our simplification of neglecting the minor components of Gd in CGO and Y in YSZ. As shown in Fig. 6 , a good agreement between the simulation and the experimental data is achieved [14, 17] .
A small difference can be found at the interface region. One can always find a composition jump in the simulated curve at the interface between zirconia and ceria. That is caused by component partition due to the thermodynamic description of CeO2-ZrO2 applied in the present work, and the composition width of the composition jump corresponds exactly to the width of miscibility gap between cubic ZrO2 and cubic CeO2. As shown in Fig. 4b , the miscibility gap between c-ZrO2 and c-CeO2 is within the composition range of 33-67 mol.% CeO2 at 1315 ˚C, which is in correspondence with the composition jump of 30-70 at. % Ce in Figs. 6b-6e. Similar situation can be found for the samples sintered at 1250 ˚C for 12 h (Fig. 6a ) and 1400 ˚C for 4h [14] (Fig. 6f) , where the width of the miscibility gap shown in the phase diagram correspond well to the width of the composition jump at the interface. Both shortens as temperature increases. Whereas for the experimentally determined EDS results, the composition change at the interface is smoother. This is to a large extent caused by the interaction volume of the electron beam, which is approximately 1 µm 3 under the microscope setup used in the current work. We further simulated interdiffusion of a 2-step process, first at 1250 ˚C for 2 hours (cell sintering) and then at 700 ˚C for 2000 hours (cell long-term testing). The calculated composition profile is plotted in Fig. 6g together with the experimental data from [17] .
According to the simulation, most of the interdiffusion flux took place within the first 2 hours 
Prediction of the resistance
Ohmic losses in an SOFC result from ionic conductivity through the electrolyte. Tsoga et al. [22] reported the conductivity of the CGOxYSZ1-x solid solution at 700 ˚C, 800 ˚C and 900 ˚C. In this work, the data at 700 ˚C was fitted using a polynomial equation: (9) where x corresponds to the one in CGOxYSZ1-x. The original experimental data points and the fitted curve is presented in Fig. 7 . The simulated composition profile from DICTRA modeling can be translated into x in CGOxYSZ1-x. With this and the conductivity formulation (Eq. 9), the area specific resistance of the bi-layer electrolyte (ASRohm) can then be predicted as a function of sintering and long-term testing conditions.
where l is the diffusion distance along the entire CGO-YSZ diffusion couple, and σ is the electrical conductivity depending on composition. Fig. 8 presents the predicted resistance for the bi-layer electrolyte after sintering at 1250 ˚C or 1315 ˚C for different duration, as well as after long-term testing at 700 ˚C. The theoretical resistance of 8 µm YSZ + 6 µm CGO (i.e. with no interdiffusion) is about 0.5 Ω cm 2 at 700 o C (shown as the red diamond in Fig. 8 ).
Sintering at 1250 ˚C for 2h doubles the electrolyte resistance, while 2 h at 1315 ˚C increases the resistance by a factor of > 3. The current results show that the interdiffusion between the CGO barrier layer and the YSZ electrolyte happens mainly during sintering and to a negligible extent during long-term operation. It is obvious that the cell sintering process has a dominant contribution to the cell ohmic resistance increase, where the long-term testing at 700 ˚C made almost no change. This is consistent with the previous experimental findings [11, 14] .
Conclusion
In the current work, we investigated the inter-diffusion between the CGO barrier layer phase in the present work. Further detail on the terminology can be found in [27] . 
Gibbs energy function
Figure captions
